There is increasing evidence that sequence-specific formation of 3-nitrotyrosine (3-NT) may cause functional changes in target proteins. Recently, the nitration of Tyr residues in glycogen phosphorylase b (Ph-b) was implicated in the age-associated decline of protein function (Sharov et al., Exp. Gerontol. 41, 407-416;; in another report, the nitration of one specific residue, Tyr 613 , located in the allosteric inhibition site was hypothesized as a rationale for peroxynitrite inactivation (Dairou et al., J. Mol. Biol. 372, 1009-1021. In the present study, we have optimized the analysis of in-gel Ph-b digests by high performance liquid chromatography-electro spray ionization-tandem mass spectrometry, in order to achieve a quantitative analysis of nitration of individual Tyr residues at a high coverage of Tyr-containing sequences (92%). Our data do not confirm the role of Tyr 613 nitration in the control of enzymatic function. Furthermore, we show here that the enzymatic activity of Ph-b does not directly correlate with the protein nitration levels, and that the modification of Cys and, potentially, other amino acid residues can better rationalize Ph-b inactivation by peroxynitrite.
nitrite catalyzed by peroxidases [19] . Regardless of the chemical mechanism, tyrosine nitration appears to be a complex process depending on the individual reactivity of Tyr residues in a protein, environment (pH, concentrations of reagents, solvent accessibility and diffusion coefficients), tissue specific protection, protein repair and turnover mechanisms. The knowledge of sequence location and the yields of respective Tyr nitration is therefore very important, both mechanistically and physiologically, to understand the role of specific protein damage and to design potential treatments of ensuing disorders. However, to date most protein nitration targets in vivo have been identified by anti-3-NT antibodies only, and, with a few exceptions [6, 15, [20] [21] [22] [23] [24] , a sequence-specific analysis of 3-NT on individual proteins in vivo has not been done. Peptide mass mapping by liquid chromatography-mass spectrometry (LC-MS) has become a key approach in the qualitative and quantitative characterization of protein post-translational modifications. The development of quantitative approaches suitable for virtually complete sequence-specific characterization of "problematic" proteins is, therefore, a necessary step towards understanding a role of protein oxidative post-translational modifications, such as Tyr nitration, in the functional alteration of proteins. Earlier, we found that nanoHPLC-nanoESI-MS/MS analysis of in-gel digests obtained by 1-D SDS-PAGE can be successfully used for the characterization of 3-NT accumulation on even large membrane proteins, such as SERCA [27, 28] , and this technique is applied here for a comprehensive analysis of phosphorylase b (Ph-b).
Ph-b is a ubiquitous protein, which represents ca. 5% of total soluble protein in muscle tissue. Ph-b (gene name: PYGM) belongs to the glycogen phosphorylase family, which catalyzes the formation of glucose-1-phosphate from the cellular carbohydrate storage form, glycogen:
The activity of Ph-b is controlled both allosterically (through the non-covalent binding of metabolites) and by covalent modification [29] [30] . AMP allosterically activates, whereas ATP, ADP, and glucose-6-phosphate allosterically inhibit Ph-b. Phosphorylation of Ser 14 (SwissProt and NCBI protein databases refer to this residue as Ser 15 , which includes the original Met removed in the mature protein) converts Ph-b (a homodimer, T-form) to phosphorylase a (enzymatically more active, tetrameric R-form). High-resolution crystal structures of the protein in different conformational T and R states are now available [31] [32] allowing for computational analysis of structure-activity relationships in the protein. Defects in the PYGM gene cause glycogen storage disease type 5 (GSD5), also known as McArdle disease, which is a metabolic disorder resulting in myopathy characterized by exercise intolerance, cramps, muscle weakness and recurrent myoglobinuria. The structure and enzymatic activity of Ph-b are extremely sensitive to the modification of even a single amino acid residue: at least 18 missense mutations of a single amino acid residue of human muscle Ph-b throughout the gene sequence have been identified, which cause functional deficiency of skeletal muscle [33] [34] . The Ph-b sequence is highly conserved in mammals sharing 98% homology in the human, mouse and rabbit protein. Generally, Ph-b is an excellent model to study the selectivity of protein tyrosine nitration and represents a good challenge to test new methodology. The enzyme of 97 kDa contains 36 tyrosine residues (out of a total 842 amino acids), which can be differentially mapped to assess the selectivity of tyrosine nitration. The unusually high fraction of protein Tyr residues (4.3%) may be a reason for the susceptibility of the protein to nitration observed in vivo [15] .
The aim of the current work was the sequence-specific characterization of Tyr nitration by peroxynitrite in rabbit muscle Ph-b, and a potential correlation to enzymatic activity. The motivation for the current study originated from two findings. First, Ph-b from rat skeletal muscle suffers an age-associated loss of function, which is accompanied (but not necessarily caused) by age-associated, sequence-specific accumulation of 3-NT on the protein [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Immunochemical evidence for Ph-b nitration in vivo was also reported by Kuo and others [26] . Second, in a recent study [17] the nitration of a critical residue, Tyr 613 , located in the allosteric inhibitor site of the enzyme, has been suggested as a mechanism of Ph-b inhibition by peroxynitrite, based on ligand binding and MS analysis. However, this important conclusion was apparently made from qualitative MS analysis using MALDI-TOF peptide fingerprinting only, at relatively low sequence coverage (<50%). Furthermore, the experimental conditions in the cited work did not account for potential changes of peroxynitrite reactions in the presence of physiological concentrations of CO 2 /HCO 3 − [19] .
Therefore, we have optimized the analysis of in-gel Ph-b digests by high performance liquid chromatography-electro spray ionization-tandem mass spectrometry (HPLC-ESIMS/MS), focusing on a quantitative analysis of individual Tyr residue nitration at a high coverage of Tyr-containing sequences (92%). Our data do not confirm a role of Tyr 613 nitration in the control of enzymatic function. Furthermore, we show here that the enzymatic activity of Ph-b does not directly correlate with the protein nitration levels, and that the modification of Cys and, potentially, other amino acid residues can better rationalize Ph-b inactivation by peroxynitrite.
Materials and methods

Chemicals
TPCK-treated sequence grade trypsin was from Promega (Madison, WI). Rabbit muscle phosphorylase b, bovine serum albumin (BSA), DTT, SDS, urea, NADP, glycogen from rabbit liver, adenosine-5'-monophosphate, glucose-6-phosphate dehydrogenase and sodium iodoacetate were purchased from Sigma (St. Louis, MO). Phosphoglucomutase was obtained from Boeringer Mannheim (Indianapolis, IN). Pre-cast Novex® tris-glycine-SDS gels, molecular weight standard Mark12, running and sample buffers were from Invitrogen (Carlsbad, CA). All other chemicals of highest commercially available grade were obtained from Fisher (Pittsburgh, PA, USA).
Reaction with peroxynitrite
Peroxynitrite was prepared by the reaction of ozone with cooled aqueous sodium azide as described previously [35] , aliquoted and kept at −70°C and pH 12 until use. The concentration of stock peroxynitrite (ca. 50 mM) was determined by absorbance (ε 302 =1,670 M −1 cm −1 [19] ), and all dilutions were made in 0.1 % NaOH (pH 12). Ph-b was reconstituted in a buffer containing 1 mM DTPA and either 25 mM Na 2 HPO 4 and 25 mM NaHCO 3 , or 50 mM Na 2 HPO 4 alone (pH 7.4). A small volume of stock peroxynitrite was quickly added while vortexing to get desired final concentrations of peroxynitrite (bolus addition of peroxynitrite).
For control experiments, peroxynitrite was added to the respective buffer 5 min prior to mixing with the protein solution (reverse-order-of-addition experiment). We did not observe any differences in nitration, electrophoretic mobility, and HPLC elution profile between control (not treated with peroxynitrite) and the reverse-order-of-addition samples.
Assay of phosphorylase b activity
Phosphorylase b activity was assayed at room temperature with an assay described earlier [15] . The test mixture contained 0.1 mM EDTA, 3 mM MgCl 2 , 0.3 mg/ml NADP, 0.2 mg/ml glycogen, 30 µM adenosine-5'-monophosphate, 0.7 U/ml phosphoglucomutase, 3 U/ml glucose-6-phosphate dehydrogenase in 0.05 M potassium phosphate (pH 6.8). After recording the blank rate for 2 min, the reaction was initiated by the addition of phosphorylase b solution, and the absorbance at 340 nm was monitored for 8 min. The activity was determined as ΔA 340 /min and calibrated through a standard commercial enzyme with known activity.
Gel electrophoresis
For reduction and alkylation of protein Cys residues, samples were incubated for 1 h with 6 M urea and 2 mM DTT at 37°C followed by the addition of 5 mM sodium iodoacetate and incubation for an additional 1 h at room temperature under exclusion of light. Aliquots of Phb containing 20 µg protein were mixed with an equal volume of tris-glycine-SDS sample buffer, heated for 2 min in a boiling water bath, and loaded onto 1.5-mm thick 10-well Novex 4-12% Tris-glycine gradient gels (Invitrogen, Carlsbad, CA). After running gel electrophoresis at 200 V for 90 min, the gels were stained with 0.2% Coomassie R250 in 7.5% acetic acid/30% methanol/62.5% H 2 O for 2 h, followed by destaining in 7.5% acetic acid/ 40% methanol/52.5% H 2 O until the bands were visible and the background was clear.
In-gel protein digestion
Protein bands were excised from the gel, cut into pieces of about 1 mm 3 size, and processed as described elsewhere [27] . In brief, gel slices were washed twice for 45 min at 37°C in 0. 
MALDI-TOF MS
For MALDI-TOF MS analysis, either desalted (using C18 ZipTips, Millipore Co., Bedford, MA) or non-treated samples were directly applied onto the stainless steel sample plate with 2 µl of 50% (v/v) acetonitrile/0.1% TFA saturated with α-cyano-4-hydroxycinnamic acid. Mass spectra were acquired in the mass range between 500 and 3000 a.m.u. on a Voyager-DE STR mass spectrometer (PerSeptive Biosystems, Framingham, MA) equipped with a 337 nm nitrogen laser. The instrument was operated in the positive reflector mode with the following parameters: accelerating voltage: 20,000 V; grid voltage: 70-75%; mirror voltage ratio: 1.12; guide wire: 0.02%; extraction delay time: 150 nsec. For internal mass calibration we used trypsin autoproteolysis peaks (M+H + of 842.50 and 2211.10). Detected masses were matched against protein sequences in the SWISS-PROT database using the ProFound program. The search parameters included a maximal number of 2 missing cleavage sites, carboxymethylation of Cys, nitration of Tyr, and oxidation of Met.
Capillary HPLC-ESI-Q-TOF MS analysis of tryptic peptides and proteins
Peptide separation was performed on an Ultra Plus II Micro LC System (Micro Tech Scientific, Sunnyvale, CA), equipped with a Zorbax C18SB (300Å, 5 cm length and 0.32 mm i.d.) column using a flow rate of 10 µl/min. Peptides were eluted with non-linear gradients of solvent A and solvent B, containing 0.08 % (v/v) formic acid and 1% or 99% (v/v) MeOH in water, respectively. The gradient was held at 20% B for 5 min., then ramped to 95% B within 25 min., and finally held for 5 min. at 95% B. Peptides were directly eluted into a Q-Tof™-2 mass spectrometer (Micromass Ltd, Manchester, UK), which was operated for maximum resolution with all lenses optimized on the MH 2 2+ ion from a standard cyclic peptide, gramicidin S. The cone voltage was 30 eV, and argon gas was admitted to the collision cell at collision energy of 5 eV. Mass spectra were acquired with the time of flight analyzer at 11364 Hz pusher frequency covering a mass range between 400 and 3000 a.m.u., and accumulating data for 5 seconds per cycle. Time-to-mass calibration was made with CsI cluster ions acquired under the same conditions. An exhaustive search for peaks corresponding to nitrated peptides and their native analogues was performed with the MassLynx 3.5 software (Micromass Ltd, Manchester, UK), assuming that up to 2 cleavage sites could be missed during tryptic digestion and that Met sulfoxide could be formed in addition to 3-NT. The retention times of the ions obtained during the first HPLC-MS run were used for programming collision-induced dissociation (CID) experiments on peptides of interest.
For the analysis of non-digested proteins, a Vydac C4 column (1-mm ID × 50 mm length) was used. 20 µL of Ph-b (1.5 mg/ml) were injected and eluted into the source of the Q-Tof™-2 mass spectrometer by a gradient of solvent B (equilibrated at 20%B, than ramped to 95%B from 1 to 25 min., followed by washing with 95%B for additional 5 min.). Multiply charged ion series (from +30 to +70) were integrated and deconvoluted to convert data to a spectrum of a singly charged protein ion using the MassLinx 3.1 software.
Capillary HPLC-ESI-Q-TOF MS/MS analysis
CID spectra were acquired by setting the MS1 quadrupole to transmit a precursor mass window of ±1.5 a.m.u. As a collision gas, Ar was admitted at a density that attenuates the beam to 20%, which corresponds to 16 psi on the supply regulator. The collision energy was varied from 20 to 35 eV to obtain a distribution of fragments from low to high mass. Spectra were acquired for 2-5 min at 5 s cycles. Analysis of the MS/MS spectra was based on a search for the major sequence-indicating ions resulting from the cleavage of the parent ion at specific locations relative to the peptide bond: N-terminal (b) and C-terminal (y") fragments.
Capillary HPLC-FT-ICR-CID analysis
Samples were introduced into an LTQ-FT hybrid linear quadrupole ion trap Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (ThermoFinnigan, Bremen, Germany) via capillary liquid chromatography, analogous to published procedure [36] . Raw experimental files were processed using the BioWorks 2.0 software followed by peptide identification using Sequest and Mascot and X!Tandem database-searching programs. The peptide assignments obtained were validated using a statistical method of the Scaffold 1.7 software from Proteome Software Inc. (Portland, OR; http://www.proteomesoftware.com).
Determination of solvent accessible surface area (SASA)
For determination of relative solvent accessibility of Tyr residues in the protein we used the NACCESS 2.1.1 program, which can be downloaded from the website http://www.bioinf.manchester.ac.uk/naccess. This program calculates the solvent accessible area of a molecule from a PDB (Protein Data Bank) format file. The atomic and residue accessibilities are calculated as the atomic accessible area when a probe (typically of a radius of a water molecule, i.e., 1.4 Å) is rolled around the Van der Waal's surface of a macromolecule, and the path traced out by its center represents the accessible surface [37] .
Results
Nitration of Ph-b by peroxynitrite
Bolus addition of peroxynitrite to Ph-b solutions resulted in the yellow staining indicating the formation of protein 3-NT, with a characteristic absorbance at 430 nm when measured at pH>9 (ε 430 =4,400 M −1 cm −1 [19] ). Fig.1A shows peroxynitrite concentration dependencies of 3-NT formation on Ph-b in the absence and presence of a physiological concentration of sodium bicarbonate. In the presence of HCO 3 − , 3-NT formation was ca. 2-fold more efficient, yielding ca. 4.3 mol 3-NT/mol Ph-b at a concentration of added peroxynitrite of 1 mM. We further used these conditions for peroxynitrite treatment of Ph-b for tryptic mapping of protein 3-NT residues by MS. Peroxynitrite concentration dependencies of Ph-b nitration in the absence and presence of bicarbonate displayed a "sigmoidal" shape showing negligible yields of 3-NT at low molar ratios of peroxynitrite to protein (<1) (Fig. 1D ), followed by a linear increase, and leveling off of 3-NT yields at a high excess of peroxynitrite over protein (Fig. 1A) .
Peroxynitrite inhibition of Ph-b activity
Bolus addition of peroxynitrite to a Ph-b solution at pH 7.4 resulted in the loss of enzymatic activity in a concentration-dependent manner (Fig. 1B) . Addition of 1 mM peroxynitrite to 20 µM Ph-b in the absence of bicarbonate led to nearly complete inactivation of the enzyme. Lower concentrations of Ph-b (2 µM) were more sensitive to peroxynitrite: here, a complete inhibition was observed for ca.100 µM peroxynitrite (Fig. 1E ), in accord with results published earlier [17] . Surprisingly, bicarbonate afforded protection against the inactivation of Ph-b by peroxynitrite in spite of increasing 3-NT formation (compare Fig.1A , 1B, 1D, and 1E). In contrast, bicarbonate attenuated the loss of DTNB-reactive Cys residues ( Fig. 1C and 1F ). After the exposure to 1 mM peroxynitrite, the molar content of Cys residues decreased from 8.63 ±0.56 to 3.43±0.30 and 4.24±0.35 in the absence and in the presence of bicarbonate, respectively. The addition of 1 mM DTT in 10 min after peroxynitrite treatment did not significantly reverse loss of either activity or molar content of DTNB-reactive Cys residues (data are not shown).
Preparation of Ph-b in-gel digests for MS analysis
Treatment of Ph-b solutions with peroxynitrite induced slow-developing protein aggregation and precipitation. SDS-PAGE analysis followed by Coomassie Blue R250 staining indicated a loss of protein in the 97 kDa (monomer) band and the appearance of a series of additional higher molecular weight bands ( Fig.2A) . This effect could be attenuated by alkylation of the protein (Fig. 2B) suggesting that the formation of intermolecular disulfide bridges contributes to the aggregation of the protein. Dityrosine based cross-linking was ruled out based on our previous studies where we failed to detect an increase in the specific fluorescence of dityrosine (data not shown). We did not further focus on the mechanisms of aggregation. However, we note that reductive alkylation of Cys residues (i) may change protein structure, and (ii) does not completely protect from protein aggregation. More importantly, incubation in SDS-PAGE buffer and gel separation of the protein immediately after reaction with peroxynitrite prevents the loss of the monomeric protein even under non-reducing conditions (Fig.2C) . Within the gel band the protein is available for trypsin digestion and subsequent peptide analysis by HPLC-MS and MS/MS with high sequence coverage (shown below).
A low yield of peptides after in-gel digestion is the main problem for the characterization of particularly hydrophobic and protease-resistant proteins or protein domains. Common ionic detergents, such as SDS, suppress the MS detection of peptides and proteins and should be generally washed out before the analysis [39] [40] . Application of nonionic surfactants, e.g., octyl-β-glucopyranoside (OBG), allows improving the recovery of peptides by MALDI-MS analysis [40] [41] . However, it has been reported that at relatively high concentrations (1%) they may also have a negative impact on ESI-MS analysis (direct infusion) due to suppression of peptide detection by multiply charged surfactant cluster ions [42] . In our experiments, we found that the addition of 0.1% OBG during extraction of tryptic Ph-b peptides after in-gel digestion significantly enhances the yield of tryptic peptides and protein sequence coverage by HPLC-ESI-MS/MS analysis (data not shown). Tryptic peptides were separated from OBG by reverse-phase HPLC; moreover, even in the region of OBG elution we successfully resolved Ph-b peptides in ESI-MS and ESI-MS/MS modes. Therefore, SDS-PAGE separation and ingel digestion were selected for the characterization of Ph-b nitration by LC-MS, similar to our methodology for SERCA1 [27] .
Analysis of tyrosine nitration sites in Ph-b Table 1 summarizes all the MS data on the coverage of tyrosine-containing sequences in Phb obtained by capillary HPLC-ESI-Q-TOF MS analysis. The only Tyr residues not covered by this specific mode of analysis are those at positions 113, 553, and 613 (here and further we will use sequence positions for mature protein not including initial Met residue). Therefore, our coverage of Tyr residues in Ph-b amounts to 33 out of 36, or 92%. Among these peptides, sequences containing 28 Tyr residues (78% from total Tyr) were confirmed by tandem MS analysis and respective HPLC-MS peaks were used for the relative quantitation of sequencespecific Ph-b nitration. Figure 3 illustrates our approach. The mass chromatograms (Fig.3A) were searched for masses corresponding to both native Tyr-containing peptides and their respective nitropeptides with a gain of +45 atomic mass units (AMU). Tandem MS analysis was employed to confirm that the selected peptide ions contained indeed 3-NT, illustrated in Fig.3B . All the nitrated peptide peaks were shifted to longer retention times compared to the native peptides in the mass chromatogram (by ca. 3-5 min, see Fig.3A ) reflecting an increased interaction of 3-NT peptides with the stationary phase. We calculated specific Tyr nitration yields through the ratios of mass chromatographic peak area of a specific nitropeptide to the sum of the peak areas of the native and the nitropeptide.
A total of 15 Tyr residues were detected in the nitrated form after treatment of the protein with peroxynitrite (Fig.4A) . Generally the quality of the tandem MS spectra allowed unambiguous identification of mononitrated peptides only; in the case of peptides containing Tyr 227,228 and Tyr 727,732,733 we could not quantify nitration of the adjacent individual Tyr residues separately, and, thus, assumed that they are nitrated evenly. The yields of nitration for different Tyr residues were obviously not random. Relative nitration ranged from 0% for 16 Tyr residues to 99% for Tyr 280 . Neither native Ph-b nor reverse-order-of-peroxynitrite-addition control samples showed significant (more than 0.5%) nitration of individual Tyr residues. Taking into account that we did not detect multiple nitrations for peptides containing two or three Tyr residues we can assume that our conditions chosen for the treatment of Ph-b by peroxynitrite are appropriate for a sequence-specific characterization of Tyr sensitivity to in vitro nitration. Importantly, the figures of total molar 3-NT content in Ph-b measured by UV absorbance (Fig.  1A ) and obtained as a sum of molar fractions for individual Tyr residues (Fig.4A) 
Correlation between surface accessibility and nitration yields of individual tyrosine residues
The SASA of Tyr residues was estimated using the NACCESS 2.1.1 program for 3 different PDB files of rabbit muscle Ph-b representing different structural states of the protein: here, 1GPB and 8 GPB represent the less active T-form (without allosteric activators), and 7GPB represents the active R-form (with either phosphorylated Ser 14 or in the presence of the allosteric activator, AMP) [31] [32] [33] . Our experimental conditions fit to the T-state of Ph-b. However, even the exposure of Ph-b to peroxynitrite in the presence of 1 mM AMP did not significantly affect peroxynitrite concentration dependencies of Ph-b inactivation (provided that the enzymatic activity was assayed in the presence of the same AMP concentration), in accord with the data of Dairou and co-workers [17] . 
MALDI-TOF and capillary HPLC-FT-ICR-CID analysis of Tyr 613 -containing sequences
So far, the lack of identification of even native peptides containing Tyr 613 by our capillary HPLC-ESI-Q-TOF MS method did not allow any conclusion about its putative role in the inactivation of Ph-b by peroxynitrite [17] . We need to consider at least three potential reasons for the lack of Tyr 613 containing sequences in our data: poor recovery either from the gels after trypsin digestion or from the HPLC column prior to MS analysis, and low efficiency of peptide ionization and detection by MS. Dairou et al. [17] Table 1 ) and 2229.7 (for the tryptic peptide 597-617), nor masses for the respective modified peptides (Tyr nitration and Met oxidation were considered as potential modifications) in Ph-b samples exposed to peroxynitrite (spectra not presented). We then introduced in-solution tryptic digests of higher loads of Ph-b (1 mg/ml protein) into a more sensitive mass spectrometer (LTQ-FT-ICR) and detected the native peptide AAGY 613 HMAK (Fig. 6) . However, the relative abundance of this peptide ion is very low, as demonstrated by mass chromatogram and representative mass spectrum ( Fig.6A and 6B , respectively) for m/z 945.5, which nevertheless can be identified by tandem MS analysis (Fig. 6C) . However, we did not detect any peptide containing 3-NT in position 613, while multiple peptides containing 3-NT at positions 84, 161, 185, 203, 226, 233, 262, 297, 404, 511, 524, 548, 648, 726, 777, 780, 791, and 820 were identified in the same sample. Hence, we conclude that nitration yields of Tyr 613 are below the detection limit, and likely not as significant as originally proposed.
Quantitative MS analysis of non-digested Ph-b
Mass spectra obtained for native Ph-b show that the preparation contains predominantly one isoform with an average mass of 97,443±10 AMU (Fig. 7A) , which corresponds well to the predicted average mass of 97,431 AMU obtained from the published sequence (average mass of N-acetylated protein monomer with 9 free Cys thiol groups plus mass of pyridoxal phosphate Schiff base formed with Lys 681 of 231 AMU). However, the commercial preparation of rabbit muscle phosphorylase b contains a minor isoform (about 15% of total protein) with a mass increase of ca. 323±2 AMU, which most probably represents a lactose adduct with one of the ε-NH 2 groups of Lys (mass gain of 324 AMU) [43] [44] . Such a modification would not be surprising since lactose is used as a main excipient in the dry preparation of Ph-b for protein stabilization; moreover, storage of Ph-b solution even at low temperatures is accompanied by an elevation of the fractions of the monolactosylated isoform and by the formation of multiply lactosylated protein fractions (Fig. 7B) . Treatment of freshly prepared Ph-b solutions with peroxynitrite (in the presence of physiological concentrations of bicarbonate) produces a significant broadening of the mass spectra with a peroxynitrite concentration-dependent shift of the maximum to 97,917 and 98,254 AMU for 0.3 and 1 mM peroxynitrite, respectively (Fig.  7, C and D) . The changes in mass spectra are attributed to peroxynitrite-mediated protein modification since the respective reverse order of peroxynitrite addition controls did not significantly change the mass spectra (not shown). These data show that, in addition to Tyr nitration and Cys oxidation peroxynitrite can generate multiple, and different, modifications on the protein, producing a broad spectrum of oxidized and nitrated isoforms.
Discussion
Differential sensitivity of tyrosine residues to nitration by peroxynitrite
The data presented here demonstrate that HPLC-MS and HPLC-MS/MS analysis of in-gel protein digests are instrumental for targeted characterization of large proteins with multiple Tyr nitration sites, such as Ph-b. In the proposed approach, capillary HPLC-ESI-QTOF MS quantitation of native and modified peptides in Ph-b provided a high sequence coverage and reliability of peptide identification. Though absolute quantitation of all potential 3-NTcontaining peptides is barely possible, requiring multiple stable isotope labeled peptide standards even for a single protein, relative quantitation can be achieved to address a specific question: to compare the sensitivity of individual Tyr residues in Ph-b to nitration by peroxynitrite in order to identify Tyr residues, which may be critical for enzyme activity. The importance of such model studies is underlined by the earlier finding that Ph-b purified from muscle of aged rats exhibits a significant loss of specific activity compared to the enzyme isolated from the tissue of young rats; this loss of function was accompanied by the accumulation of 3-NT [15] . In the latter study, nanoHPLC-nanoESI-MS/MS analysis of in-gel digests of Ph-b allowed for the comparison of identified 3-NT-containing sequences between Ph-b from old and young rats, and Ph-b isolated from young rats, which was exposed to peroxynitrite in vitro. Peptides containing 3-NT at positions 113, 161, and 573 were detected in the in vivo "aged" protein, whereas exposure of the purified protein to 1 mM peroxynitrite in vitro yielded 3-NT at positions 51, 52, 113, 185, 203, 262, 280, 404, 473, 731 and 732. Such differences in the Tyr nitration patterns were rationalized by a variety of parameters such as potentially different mechanisms of Tyr nitration, the in vivo abundance of antioxidant systems, protein-ligand and protein-protein interactions, as well as protein repair and turnover mechanisms. Unfortunately, the qualitative MS approach used in that former study could not yield fractions of 3-NT on each affected Tyr residue in order to correlate Tyr nitration with age-dependent loss-of-function. In the present study, the nitrated sequences detected on rabbit Ph-b (3-NT at positions 51, 161, 185, 203, 226, 233, 262, 280, 404, 472, 523, 548, 648, 731, and 732) coincide qualitatively with those identified in the rat protein [15] . The few differences could be explained by differences in the analytical method, and differences in the sequences of rabbit and rat Ph-b. Of note is that in both studies, using different HPLC-ESI-MS techniques, the sequence containing Tyr 613 was not resolved. Therefore, we have some concern about identity of the 3-NT-containing peptide FVVPRTVMIGGKAAPGY 613 (NO 2 )HMAK detected by MALDI-TOF analysis [17] , based on a peptide mass only, without tandem MS sequence confirmation. In addition, the application of laser-induced ionization for the analysis of nitropeptides may generate artifacts due to the photochemical instability of 3-NT residues [45] [46] [47] . In fact, the application of more sensitive capillary HPLC-FT-ICR-CID analysis of in-solution Ph-b digests in our studies along with increased protein loads led to the identification of the native Tyr 613 -containing tryptic peptide, AAGYHMAK. Our data show that the relative abundance of the peptide ion in the chromatogram (Fig.6) is very low, which explains the lack of identification of these sequences by other MS methods. Importantly, we did not detect any nitrated peptides containing Tyr 613 even under conditions where peroxynitrite exposure caused a 90% inactivation of Ph-b, and the formation of multiple 3-NT residues detected at least for 19 other sequence positions. These data suggest that Tyr 613 may not be as significant as originally concluded [17] . At last, Ph-b inactivation by peroxynitrite may be the result of modification of additional amino acid residues (see below).
Correlation with SASA values shows that 3-NT yields are not a simple function of solvent accessibitiy of Tyr residues ( Fig.4C and 5A ). Most probably, individual reactivities of Tyr residues towards peroxynitrite or nitrosoperoxycarbonate derived radicals implicated in 3-NT formation [19] are determined by the respective microenvironment (hydrophobicity, surface charge depending on pK of neighboring residues, etc.).
Significance of protein tyrosine nitration in peroxynitrite inactivation of Ph-b
Qualitative mass spectrometry, including HPLC-MS/MS identification of nitrated peptides, provides very important information on protein sequence-specific 3-NT formation. However, such analysis must be followed by a quantitative analysis of the modification yields in order to estimate its potential significance for protein structure and function. Nevertheless, even the estimation of molar amounts of 3-NT in the protein, and a high correlation of nitration yields with protein specific activity cannot be conclusive. The reason for this is the potential coexistence of other oxidative modifications on the nitrated protein.
It is well-known that peroxynitrite can generate different oxidative modifications on multiple additional oxidationsensitive amino acid residues, such as Cys and Met [19] . Dairou et al. ruled out a potential role of Cys modification by peroxynitrite in the inactivation of Ph-b based on the lack of effect of a Cys alkylating reagent, N-ethylmaleimide, on enzyme activity [17] ; however, here we show that peroxynitrite exposure caused the loss of ca. 5 DTNB-reactive Cys residues (out of a total of 9) per protein monomer under conditions, where Ph-b was nearly completely inactivated by 1 mM peroxynitrite (Fig. 1C) . Although the effect of Cys oxidation is sequence-and modification-specific, this value is quite sufficient for structural and functional changes of the protein. Importantly, in the presence of CO 2 /HCO 3 − the average number of Cys residues in Ph-b lost upon peroxynitrite modification decreases to ca. 4 (Fig. 1C) , which correlates with the decrease in Ph-b inactivation (Fig. 1A) . In contrast, the presence of CO 2 /HCO 3 − increases the yield of 3-NT almost 2-fold, from 2.2 to 4.24 mol 3-NT/mol protein (Fig. 1A) . This negative correlation between 3-NT yields and Phb activity may be considered as additional argument against the critical role of Tyr 613 nitration in the inactivation of Ph-b by peroxynitrite. In general, our data do not support the existence of a single critical residue ("redox switch"), the oxidative modification of which leads to the loss of Ph-b activity. Rather, we suggest that the modification of the most reactive Cys and Tyr residues does not result in protein inactivation. The comparison of peroxynitrite concentration dependencies in the presence of physiological relevant concentration of bicarbonate shows that the loss of ca. 4 Cys and nitration of ca. 2.5 Tyr residues after exposure of 20 µM protein to 300 µM peroxynitrite resulted in a ca. 20% loss of Ph-b activity (Fig. 1, A-C) . Even if there is a residue that needs to be completely modified for turning off protein function, it is obviously not the most oxidation sensitive one. It is hard to imagine how physiologically relevant oxidants can provide a selective modification of such "critical" residues except for a situation where other oxidation-sensitive residues are shielded by formation of special protein complexes or by low molecular weight ligands. At least for a single protein in vitro, the inactivation of Ph-b by peroxynitrite seems to result from a gradual accumulation of oxidative modifications of different amino acid residues. Although Cys residues show greater potential for oxidative Ph-b modification, as evidenced by a higher sensitivity to peroxynitrite (compare panels D and F in Fig.1 ) and by the effect of bicarbonate (positive correlation between loss of Cys and Ph-b activity), they also may not be exclusively implicated in the peroxynitrite inactivation of the protein.
Further analysis is needed to reveal, which specific modifications of specific amino acid residues may be responsible for the observed effects. We need to underline that the MS analysis of non-digested protein demonstrates a series of products, which may not necessarily be rationalized by the modification of Cys and Tyr only (Fig. 7A, 7C , and 7D). For example, in addition to an average of 4.24 mol 3-NT/mol protein at 1 mM peroxynitrite (average mass gain of ca. 190 AMU) there is a mass gain of 620 AMU, which cannot be rationalized by the oxidation of 5 Cys residues to a maximal oxidation state, sulfonic acid (mass gain of 240 AMU). Obviously, peroxynitrite modification of Ph-b may also target other sensitive residues, e.g., Met, His, or Trp (21, 22, and 12 residues per Ph-b monomer, respectively). These modifications can also potentially contribute to the overall change in the protein activity. SDS-PAGE of rabbit muscle phosphorylase b (20 µg/lane) treated with peroxynitrite in the presence of 25 mM NaHCO 3 at pH 7.4 (non-reducing conditions). A and B: lanes 2-4 -none; 5-7 -0.3 mM; 8-10 -1 mM peroxynitrite. In C: lanes 2 and 3 -reverse-order of peroxynitrite addition (1 mM) and control; lanes 4 and 5 -0.1 mM; lanes 6 and 7 -0.3 mM; lanes 8 and 9 -1 mM peroxynitrite; lane 10 -1 mM peroxynitrite addition in the absence of NaHCO 3 in 25 mM sodium phosphate, pH 7.4. Lane 1 contained molecular weight standard Mark12 (3 µg of each protein). Samples were loaded either 2 hours (A and B) or immediately (C) after treatment with peroxynitrite. In B, samples were reduced with 2 mM DTT at 37°C for 30 min followed by alkylation with iodoacetic acid for 30 min at room temperature in the dark. A -Correlation analysis of Tyr nitration vs. solvent accessibility surface area (SASA) for different PDB structures of rabbit muscle phosphorylase b. The respective correlation coefficients are shown in the insert. B -Localization of the peroxynitrite-reactive Tyr residues: yellow colored "spacefill" residues (Tyr 185 , Tyr 280 , Tyr 404 , Tyr 472 , and Tyr 548 ) exhibit >50% nitration level after reaction of 1 mM peroxynitrite with 15 µM Ph-b, while green "ball-andstick" Tyr residues show lesser nitration levels or lack of nitration by peroxynitrite. LC-MS analysis of non-digested rabbit muscle phosphorylase b freshly dissolved (A), after 12 h storage in solution (B), and treated by either (C) 0.3 or (D) 1 mM peroxynitrite. Spectra were deconvoluted to convert series of multiply charged protein ions to a spectrum of single M +H + protein ion. Table 1 Coverage of Tyr-containing peptide sequences in rabbit muscle phosphorylase b by capillary HPLC-ESI-Q-TOF MS analysis. Peptides containing 33 out of total 36 Tyr residues (92% Tyr-containing sequence coverage) were resolved in the MS1 mode, and sequence of peptides containing 28 (78%) Tyr residues were confirmed by MS/MS. N.f. -not found. 
